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Simultaneous non-polar and polar lipid analysis by
on-line combination of HILIC, RP and high
resolution MS†

Evelyn Rampler, *a,b,c Harald Schoeny, a Bernd M. Mitic,a Yasin El Abiead,a

Michaela Schwaiger a and Gunda Koellensperger*a,b,c

Given the chemical diversity of lipids and their biological relevance, suitable methods for lipid profiling

and quantification are demanded to reduce sample complexity and analysis times. In this work, we

present a novel on-line chromatographic method coupling hydrophilic interaction liquid chromatography

(HILIC) dedicated to class-specific separation of polar lipid to reversed-phase chromatography (RP) for

non-polar lipid analysis. More specifically, the void volume of the HILIC separation-consisting of non-

polar lipids- is transferred to the orthogonal RP column enabling the on-line combination of HILIC with

RP without any dilution in the second dimension. In this setup the orthogonal HILIC and RP separations

were performed in parallel and the effluents of both columns were combined prior to high-resolution MS

detection, offering the full separation space in one analytical run. Rapid separation for both polar and

non-polar lipids within only 15 min (including reequilibration time) was enabled using sub-2 µm particles

and UHPLC. The method proved to be robust with excellent retention time stability (RSDs < 1%) and LODs

in the fmol to pmol (absolute on column) range even in the presence of complex biological matrix such

as human plasma. The presented high-resolution LC-MS/MS method leads to class-specific separation of

polar lipids and separation of non-polar lipids which is lost in conventional HILIC separations.

HILIC-RP-MS is a promising tool for targeted and untargeted lipidomics workflows as three interesting

features are combined namely (1) the decreased run time of state of the art shotgun MS methods, (2) the

elevated linear dynamic range inherent to chromatographic separation and (3) increased level of identifi-

cation by separation of polar and non-polar lipid classes.

1. Introduction

Lipids can be classified into categories by their chemical and
structural similarity,1 they can be grouped into polar and non-
polar lipids based on their overall hydrophobicity or categor-
ized by their molecular building blocks.2 Given the extremely
high diversity of lipids (over 40 000 unique lipid structures
annotated in the Lipid Maps Structure Database3,4) and
increasing proof of their biological relevance,3,5–9 the urge to
develop novel methods for lipid profiling and quantification
continues with the major aim to reduce sample complexity

and analysis times. High-resolution mass spectrometry
(HRMS) has evolved as a key technique in lipidomics as it pro-
vides lipid identification by accurate mass and fragmentation
pattern at the same time allowing to cope with complex
samples.10 On general terms, MS based lipidomics strategies
involve (1) direct-infusion shotgun lipidomics approaches10–12

and/or (2) the combination of liquid chromatography (LC) and
MS.2,13–18 Shotgun lipidomics offers the advantage of fast lipid
profiling but the direct infusion leads to problems with iso-
meric and isobaric lipid species and a limited dynamic range
in a sample of interest. LC-MS based approaches offer (1) an
increased dynamic range and (2) an additional level of identifi-
cation by retention time. Different chromatographic separ-
ations were developed for lipidomics tasks including reversed-
phase chromatography (RP), normal phase chromatography
(NP), hydrophilic interaction chromatography (HILIC), strong
anion exchange chromatography (SAX) and supercritical fluid
chromatography (SFC).19–25 Indeed, RP chromatography separ-
ates lipids based on hydrophobic properties such as fatty acid
chain length, degree of saturation and double bond position.
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RP chromatography has emerged as state of the art method for
LC-MS based lipidomics analysis as it allows polar and non-
polar lipid analysis in one run, however isobaric overlaps from
different lipid classes can occur complicating lipid
identification.13,19,22,26–29 HILIC chromatography on the other
hand avoids isobaric overlaps between different classes as it
enables lipid class-separation by hydrophilic interaction. Lipid
classes share a common hydrophilic headgroup so that hydro-
phobic differences of lipids within one class can be neglected
in HILIC chromatography. Hence, class-specific coelution of
all lipids occurs in HILIC and was successfully applied for
polar lipid analysis e.g. glycerophospholipids, glycosphingoli-
pids and phosphosphingolipids.16,23,28,30–32 HILIC and RP
chromatography as well as their combinations proved to be
extremely powerful for lipid analysis in many previous
studies.13,14,22,27,28,30–36 With the advent of the UHPLC techno-
logy and the downscaling of chromatographic filling material
by sub-2 µm particles or fused-core particles, increased plate
numbers and enhanced chromatographic speed are
enabled.37–41 However, implementation of orthogonal RP and
HILIC into 2D approaches is challenging due to incompatible
eluent systems. Solutions for this problem are (1) dilution of
the incompatible mobile phase, (2) use of a trapping column
(3) minimizing the transferred volume between both dimen-
sions or (4) offline combinations of HILIC and
RP.21,28,32,36,42–45 In this work a novel UHPLC based workflow
for the direct combination of a short HILIC column (sub-
2 µm) in the first dimension with a RP column (sub-2 µm) in
the second dimension is tested for the simultaneous analysis
of polar and non-polar lipids. Classical 2D multiple heart-
cutting approaches transfer several chromatographic peaks
from one dimension to the next in order to perform compre-
hensive analysis on coeluting species exploiting complemen-
tary stationary phase interactions.21,32,42,46–51 Here, we aim to
transfer only the void volume (one fraction) of the HILIC
column to the RP column to obtain class-specific retentivity of
polar lipids at the same time retaining non-polar lipids in one
analytical run. Moreover, the HILIC-RP-HRMS workflow is
tested for untargeted and targeted lipidomics applications.

2. Materials and methods
2.1 Lipid standards

The majority of lipid standards (LPC 18:0, LPC 16:0, DG 34:1,
TG 52:2, PA 36:2, PC 34:1, PC 34:2, PC O-36:2, PE 36:2, PG
36:2, PI 34:1, PS 36:2, HexCer d34:1, Cer d36:1, SM d42:2,
Hex2Cer d34:1) were obtained from Avanti Polar Lipids, Inc.
(Alabaster, Alabama, USA) and some lipids (FA 16:0, FA 18:0,
CE 18:0, CE 18:2, ST 28:3/ergosterol) were ordered at Sigma
Aldrich (Vienna, Austria).

2.2 Lipid extraction

The yeast samples were fermented and extracted as previously
described34,52 with chloroform/methanol (2 : 1, v/v) applying
the Folch protocol.53 Yeast extract aliquots (n = 3) of 500 µL

corresponding to 107 cells were processed. The certified refer-
ence material SRM 1950 was ordered at NIST (Gaithersburg,
USA) and 100 µL aliquots (n = 3) were extracted by MTBE using
the Matyash protocol.54 All samples were dried under reduced
pressure after extraction and reconstituted in 200 µL 95% ACN
and 5% 40 mM ammonium formate (in H2O, pH = 4.0) for
yeast and 400 µL for plasma samples.

2.3 Hydrophilic interaction liquid chromatography (HILIC)

An Acquity UPLC BEH Amide (2.1 × 100 mm, 130 Å pore size,
Waters) was used employing sub 2 µm silica particles (1.7 µm
particle size) for hydrophilic interaction liquid chromato-
graphy. The column was used in combination with a preheater
and a Viper UHPLC inline filter (Thermo Fisher Scientific).
The flow rate was set to 250 µL min−1 and the column temp-
erature to 40 °C. All mobile phase solvents were of LC-MS
grade and ordered at Fisher Scientific (Vienna, Austria) or
Sigma Aldrich (Vienna, Austria). The mobile phase A consisted
of 40 mM ammonium formate (pH = 4.0) and mobile phase B
was 100% acetonitrile (ACN) using the following gradient:
0–2.0 min 96% B, 2.0–7.0 min ramp to 70% B, 7.0–7.5 min
70% B, 7.5–15.0 min-fast switch to 96% B and 7.5 min long
equilibration step. The injection volume was 2 µL (MS1 quanti-
fication runs) and 10 µL (ddMS2 identification runs) and the
injector needle was washed with 75% isopropanol (IPA), 25%
H2O, 0.1% formic acid prior to each injection to remove excess
lipids from the injection system.

2.4 Reversed-phase (RP) chromatography

A C18 Acquity UHPLC HSS T3 (2.1 mm × 150 mm, 100 Å pore
size, 1.8 µm, Waters) was used for second-dimension separ-
ation. The column was fitted with a VanGuard Pre-column,
(2.1 mm × 5 mm, 100 Å, 1.8 µm). The flow rate was set to
250 µL min−1 and the column temperature to 40 °C. All mobile
phase solvent were of LC-MS grade and ordered at Fisher
Scientific or Sigma Aldrich. Solvent A was ACN/H2O (3 : 2, v/v),
and solvent B was IPA/ACN (9 : 1, v/v). Both solvents contained
0.1% formic acid and 10 mM ammonium formate. The follow-
ing gradient was used: 0–4.5 min 70% B, 4.5–6.0 min ramp to
100% B, 6.0–9.0 min 100% B, 9.0–15.0 min-fast switch to 30%
B for a 6 min long equilibration step. The injection volume
was 2 µL and the injector needle was washed with 75% IPA,
25% H2O, 0.1% formic acid prior to each injection.

2.5 Setup for HILIC-RP liquid chromatography

A Vanquish UHPLC (Thermo Fisher Scientific) equipped with
an additional pump was used for HILIC and RP coupling. A
previously published RP-PGC metabolite setup55 was adapted
and further developed for lipid separation. The void volume
including non-polar lipids was transferred from the first-
dimension column (HILIC) to the second dimension (RP)
using a separate two positional 6-port valve controlled by the
mass spectrometer. The sample was diluted in 2 µL 95% ACN
(and 5% H2O), injected onto the HILIC column and the HILIC
and RP columns were serially coupled (position A, Fig. 1) from
0–1.5 min. All hydrophobic lipids not interacting with the
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HILIC column were transferred to the second RP dimension.
At 1.5 min the valve was switched to position B (Fig. 1)
directing the second-dimension pump flow to the RP column.
The column effluents were combined using a T-piece prior to
the introduction into the ESI source of the mass spectrometer.

2.6 High-resolution mass spectrometry (HRMS)

High-resolution MS with a Q Exactive HF (Thermo Fisher
Scientific) was used for lipid detection. The following HESI
source parameters were applied: capillary temperature of
270 °C, sheath gas flow rate of 50, auxiliary flow rate of 14,
sweep gas of 3, S-lens RF level of 45 and auxiliary gas heater
temperature of 380 °C applying a spray voltage of 3.5 kV in
positive mode and 2.8 kV in negative mode. Full-MS mode at
120 000 resolution with an AGC target of 1e6 was used for the
quantification runs. A top 10 ddMS2 method with inclusion
list (using generated57 suspect lists for human plasma and
yeast samples deduced from literature with assigned retention
times determined by standards) was applied for the identifi-
cation runs using 60 000 MS1 resolution and 15 000 MS2
resolution as well as normalized collision energies of 25 (+)
and 28 (−). Spectral data was recorded in the mass range of
200–2000 m/z using profile mode. All triggered masses were set
on the exclusion list for 15 s and if no masses of the inclusion
list were found, ddMS2 spectra were recorded. Human plasma
and yeast were also analyzed by direct infusion shotgun ana-
lysis using the robotic nanoflow ion source TriVersa NanoMate
(Advion BioSciences, Ithaca NY, USA) into a Q Exactive HF

instrument (Thermo Fisher Scientific, Bremen, Germany) fol-
lowed by LipidXplorer analysis.11,58 Additional details are pro-
vided in the extended method section of the ESI.†

2.7 Data evaluation of HILIC-RP-HRMS

Data evaluation was performed using Lipid Search 4.1
(Thermo Fisher Scientific) for the ddMS2 identification runs (n
= 3 samples and one sample was measured twice as analytical
replicate, measurement in positive and negative mode). Lipid
Search results were filtered for 5 ppm in MS1, 7 ppm in MS2
and the lipids were only considered if the areas were 3 ×
higher than in the blank samples or not present in the blanks
at all. The main adduct ions in positive mode was set to H+ for
PC, PS, PE, PA, HexCer, SM, AcCa, for MG, DG, TG, PG, PI, CE
the main adduct ions were set to M + NH4/Na, for Cer, and
HexCer additionally adduct ion with loss of H2O were con-
sidered. The main adduct ions in negative mode was set to H-
for PS, PE, PA, Cer, HexCer, SM, AcCa, for PC and SM the main
adduct ion was set to HCOO–, for Cer, and HexCer additionally
adduct ion with loss of H2O were considered. The main grade
was set to A (lipid class and fatty acids are completely identi-
fied) and B (lipid class and some fatty acids are identified) for
all lipid classes except PC, Cer, HexCer and SM, there A, B and
C (lipid class or fatty acids are identified) grade were allowed.
Tracefinder 4.1 (Thermo Fisher Scientific) was used for Full-
MS quantification of lipid standards based on peak areas
obtained from extracted ion chromatograms (±5 ppm) with
external calibration. The calibration was performed over four

Fig. 1 Setup for HILIC-RP-MS. A two position six-port valve is used to transfer the void volume from the first dimension (HILIC) to the second
dimension (RP). The valve was set to position A from 0–1.5 min, to position B from 1.5–14.1 min and for equilibration reasons prior to the next run
again to position A from 14.1–15.0 min. A. Serial configuration: The HILIC column was directly connected with the RP column to transfer the void
volume. B. Parallel configuration: The HILIC and the RP column used different eluent systems by two separate UHPLC pumps. Pump and MS icons
were created via the Mind the Graph platform.56
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orders of magnitude (0.01–10 µM) for all lipids analysed. For
lipid chromatograms Skyline (Version 3.7) was used.

3. Results and discussion

The chemical complexity of lipids demands robust and
efficient chromatographic separations for profiling and quanti-
fication tasks in lipidomics. Here, we present a novel strategy
for polar and non-polar lipid analysis based on an on-line
combination of HILIC and RP chromatography to enable
HILIC-RP-HRMS.

3.1 On-line coupled HILIC-RP liquid chromatography

Recently, an extensive comparative study of different HILIC
columns for lipidomics application was performed.23 Based on
these results, we chose an eluent system with 40 mM
ammonium formate (pH = 4.0) and acetonitrile for HILIC
chromatography. In this study, we used the Acquity BEH
Amide (2.1 × 100 mm; 1.7 µm particle size, 130 Å pore size)
enabling class-specific separation of polar lipids based on the
hydrophilic head group. The starting conditions of 96% aceto-
nitrile of the HILIC allowed to retain and separate HexCer
(retention factor k > 2) from the void volume. However, a sub-
stantial lipid fraction still elutes in or near the void volume
causing severe ion suppression in ESI-MS and subsequent pro-
blems with lipid identification and quantification. This frac-
tion contains all non-polar lipids. As a consequence HILIC sep-
arations show poor performance for lipid classes such as TG,
DG, MG, FA, ST, Cer or CE. Therefore, orthogonal chromato-
graphic selectivity for lipid profiling of polar and non-polar
lipids for a sample of interest is demanded. In this work, sim-
ultaneous polar and non-polar lipid analysis was achieved by
combining the selectivity of HILIC and RP. For this purpose, a
C18 column (Acquity UHPLC HSS T3) with sub-2 µm particle
and UHPLC capabilities was chosen with a commonly used
eluent system for lipids consisting of isopropanol, acetonitrile,
water, ammonium formate and formic acid.14,22,27,34 The low-
retaining non-polar lipid fraction (0–1.5 min) was directly
transferred from the HILIC to the RP dimension (Fig. 1, 2 and
Fig. S1†). This setup enables the on-line combination of HILIC
with RP without any dilution (or use of a trapping column) in
the second dimension. By exploiting hydrophobic and hydro-
philic lipid interactions, (1) the use of a short HILIC column
and direct transfer of the non-polar lipids without further
dilution, (2) short gradient programs and (3) a relatively simple
instrumental setup is enabled. The instrumental setup applied
was adapted from a previously published RP-PGC metabolite
method55 and further developed for lipid separation. In posi-
tion A (Fig. 1A), the flow from the first UHPLC pump is used to
separate polar lipids injected on the HILIC column. The RP
column is coupled in a serial manner so that the non-polar
lipids can interact with the apolar stationary phase. After the
transfer of the whole void volume from the first to the second
dimension, the valve is switched to the parallel configuration
in position B (Fig. 1B). The polar lipids are eluted from the

HILIC column within 6.5 min using an aqueous buffer gradi-
ent. At the same time, the second UHPLC pump is used to
remove non-retained compounds from the RP column as well
as the mobile phase originating from the HILIC dimension.
After 7 min of chromatography time, non-polar lipid elution
from the RP column was initiated using increasing isopro-
panol concentrations. Meanwhile, an 8 min equilibration step
for the 100 mm HILIC column was carried out. After 9 min the
RP column was switched back to starting conditions to allow
6 min of equilibration time for the RP column. This way, both
the HILIC and the RP separation can be performed in 15 min
including column reequilibration times. The effluents were
united using a T-piece in front of the ESI-source prior to MS
detection. Lipid standards from different classes (Cer, DAG,
FA, HexCer, Hex2Cer, LPC, PA, PC, PE, PG, PI, PS, SM, ST, TG)
were tested using the HILIC-RP setup. As can be seen in Fig. 2,
ESI Fig. S1† and Table 1, successful transfer of the non-polar
lipids to the second dimension was possible and enabled
retention of polar and non-polar lipid with HILIC-RP.

Compared to the one-dimensional HILIC and RP lipid sep-
arations, no band broadening was introduced (Full width at
half maximum/FWHM of 4–6 s for one-dimensional RP, HILIC
and the HILIC-RP coupling) by the suggested instrumental
setup despite mixing of the mobile phases from the two
columns was performed (Fig. 3).

Using this novel HILIC-RP-HRMS method, high-throughput
polar and non-polar lipid analysis is possible within 15 min
enabling class-specific HILIC separation lipids without the
loss of the non-polar lipid fraction observed for conventional
HILIC methods.16,23,28,30–32 The fast chromatographic run time
of 15 min is comparable to state of the art direct-infusion
shotgun lipidomics profiling approaches.10–12

Fig. 2 Separation of human plasma (SRM 1950) by HILIC-RP-HRMS.
High resolution MS1 TIC in positive mode of different lipid classes: from
0–6.5 min lipid class separation of the HILIC column (Acquity UHPLC
BEH Amide, 2.1 × 100 mm, 1.7 µm) is performed prior to RP (C18 Acquity
UHPLC HSS T3, 2.1 mm × 150 mm, 1.8 µm) chromatography for non-
polar lipid elution from 6.5–11 min followed by washing and equili-
bration step of both columns.
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Table 1 Separation and quantification of 20 lipids originating from 15 lipid classes using RP-HILIC-HRMS (+/−) in human plasma (n = 3) and yeast (n = 3). Information on lipid short notation, MS
polarity mode, retention time, linearity (R2), limit of detection (LOD), adduct formation, and m/z can be found as well as lipid concentrations determined in the samples can be found

Lipid class Standards Sum formula MS RT (min) Linearity (R2) LOD (nM) Adduct m/z (+) m/z (−)

SRM (n = 3)
nmol mL−1

Yeast (n = 3)
µmol 107 per
cells

Average SD Average SD

Ceramide (Cer) Cer d36:1 C36H71NO3 + 7.88 0.9952 14 M + H 566.551 0.18 0.01 0.011 0.004
Cholesteryl ester (CE) CE 18:0 C45H80O2 + 9.65 0.9842 83 M + NH4 670.650 8.21 3.07 <LOD
Cholesteryl ester (CE) CE 18:2 C45H76O2 + 9.47 0.9959 83 M + NH4 666.618 73.33 18.93 0.006 0.001
Diacylglycerol (DG) DG 34:1 C37H70O5 + 7.95 0.9933 5 M + NH4 617.512 8.90 0.66 0.651 0.085
Fatty acid (FA) FA 16:0 C16H32O2 — 7.48 0.9981 2 M − H 255.233 64.43 3.52 4.493 0.662
Fatty acid (FA) FA 18:0 C18H36O2 — 7.64 0.9922 1 M − H 283.265 9.58 0.05 4.237 0.836
Hexosyl ceramide (HexCer) HexCer d34:1 C40H77NO8 + 3.01 0.9967 5 M + H 700.572 <LOD <LOD
Dihexosylceramide (Hex2Cer) Hex2Cer d34:1 C46H87NO13 + 5.88 0.9970 59 M + H 862.625 <LOD <LOD
Lysophosphatidylcholine (LPC) LPC 16:0 C24H50NO7P +/− 6.1 0.9962 2 M + H/M + HCOO 496.340 540.331 39.71 2.24 0.052 0.007
Lysophosphatidylcholine (LPC) LPC 18:0 C26H54NO7P +/− 6.03 0.9965 1 M + H/M + HCOO 524.371 568.362 23.93 2.13 0.029 0.004
Phosphatidic acid (PA) PA 36:2 C39H73O8P — 5.62 0.9933 1015 M − H 699.497 <LOD 19.616 3.272
Phosphatidylcholine (PC) PC 34:1 C42H82NO8P +/− 5.3 0.9921 1 M + H/M + HCOO 760.585 804.576 65.09 3.99 2.501 0.434
Phosphatidylcholine (PC) PC 34:2 C42H80NO8P +/− 5.31 0.9916 1 M + H/M + HCOO 758.569 802.560 122.62 7.02 10.678 1.558
Phosphatidylcholine (PC) PC O-36:2 C44H86NO7P + 5.23 0.9965 1 M + H/M + Cl 772.621 806.584 0.78 0.60 4.139 0.841
Phosphatidylethanolamine (PE) PE 36:2 C41H78NO8P +/− 5.31 0.9940 4 M + H/M − H 744.554 742.539 5.15 0.16 39.125 6.291
Phosphatidylglycerol (PG) PG 36:2 C42H79O10P +/− 4.26 0.9955 76 M + H/M − H 775.548 773.534 <LOD 0.078 0.009
Phosphatidylserine (PS) PS 36:2 C42H78NO10P — 6.19 0.9889 640 M − H 786.529 <LOD 3.310 0.790
Sphingomyelin (SM) SM d42:2 C47H93N2O6P + 5.71 0.9858 6 M + H 813.684 10.20 0.83 <LOD
Sterol (ST) ST 28:3 C28H44O + 7.85 0.9568 104 M + H 397.347 <LOD 2.981 0.403
Triacylglycerol (TG) TG 52:2 C55H102O6 + 8.67 0.9931 4 M + NH4 881.757 7.10 1.36 0.564 0.047
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used to test correct annotations based on accurate m/z values
(mass accuracy <5 ppm), characteristic fragmentation in both
polarity modes and retention time behaviour (Table 1). All
tested standards were unambiguously identified and class-
specific coelution on the HILIC column was observed for all
annotated polar lipids (Table 1, ESI Table S1†). Untargeted
lipid screening of human plasma resulted in ∼ 400 lipid anno-
tations from 14 different lipid classes (Cer, HexCer, CE, MG,
DG, FA, LPC, LPE, PC, PE, PI, SM, AcCa, TG) (ESI Table S1†).
Untargeted profiling of yeast samples led to the identification
of ∼130 lipids from 14 different lipid classes (DG, LPC, LPE,
PC, PE, MG, HexCer, DMPE, PG, PI, PS, TG, Cer, Co) (ESI
Table S1†). A summary of all lipids identified by MS2 based
annotations in human plasma and yeast samples can be
found in the ESI (Table S1†). It has to be noted that the
number of lipid annotations is dependent on the level of struc-
tural information determined by the analytical method i.e.
using the HILIC-RP-HRMS method the lipid class can be deter-
mined by chromatographic retention time, the molecular lipid
species by accurate m/z information (MS1) and the fatty acyl/
alkyl level by fragmentation (MS2). Overall 58% of the MS2
annotated lipids in both sample types showed retention on the
HILIC dimension (2–6.5 min) and 42% of lipids were eluted
from the second RP dimension (7–10 min). Comparing
HILIC-RP-HRMS to other lipidomics workflows, the character-
istics are similar to classical shotgun analysis in terms of run
time (15 min) and the presence of intra-class lipid competition
for ionization. To test the benefit of the chromatographic
dimension to prevent co-elution of isobars from different lipid
classes, we compared profiling results from human plasma
and yeast samples received by HILIC-RP-HRMS and shotgun
MS (ESI Table S1†). The number of lipid species level annota-
tions (human plasma SRM 1950: ∼400; Pichia pastoris yeast:
∼130) achieved using HILIC-RP-HRMS were significantly
higher compared to shotgun MS (human plasma SRM 1950:
∼200, Pichia pastoris yeast: ∼90) (ESI Tables S1 and S2†). These
results are consistent with literature reports on human plasma
SRM 1950 analysis, where 250 lipids were identified with
shotgun MS compared to 520 lipid annotations by a 1.5 h
RP-MS workflow.59,60 HILIC-RP-MS analysis enabled the identi-
fication of additional lipid classes such as AcCa, DMPE and
higher lipid annotation numbers for low abundant classes
such as Cer, HexCer, Co compared to shotgun MS (ESI Tables
S1 and S2†). In shotgun MS higher abundance of lysophospho-
lipids (ESI Tables S1 and S2†) and fatty acids (data not shown)
species was observed. This highlights one general problem of
shotgun MS to differentiate fatty acids and lysophospholipids
present in the sample and in-source fragments produced in
the MS. HILIC-RP-MS on the other hand, can easily resolve
lipids from in-source fragments using the additional retention
time information.

Assessment of HILIC-RP-HRMS quantification capabilities.
Finally, the novel HILIC-RP-HRMS approach was investigated
regarding the analytical figures of merit of retention time
stability, linear dynamic range and limit of detection using a
panel of 20 lipids (Table 1). Linear calibration curves over 4

orders of magnitude could be obtained for most standards
(0.01–10 µM) (Table 1, ESI Fig. S3†). LODs were calculated
using the lowest detected concentration point (n = 3) of the
calibration61 and were found in the low to high nM range
(corresponding to low fmol to low pmol absolute on column)
depending on the lipid species analyzed (Table 1) as reported
for other LC-MS based lipidomics approaches.62,63 Compared
to classical shotgun based workflows, the method was
superior, as previous results reported LODs and LOQs in the
low to high µM range for the target lipids.64 Both the retention
time and the peak area precision were excellent with RSDs ≤
1% and <5% respectively (over a measurement period of 44 h)
for all lipids monitored. In a next step, preliminary quantifi-
cation of 20 target lipid was performed by external calibration
in SRM 1950 human plasma (n = 3) and Pichia pastoris yeast (n
= 3) samples. Lipid concentrations determined in the latter
sample type were in the nmol to µmol range for 107 cells
(Table 1) and compared well to previous studies on Pichia pas-
toris or other yeasts.34,65–68 Trueness bias of analysis was
assessed in the SRM 1950 using the recently introduced accu-
racy assessment tool LipidQC,69 which followed the publi-
cation of a NIST interlaboratory comparison report on high
molecular lipids70,71 (ESI Fig. S4†). After normalization by
volume the obtained values proved to be in agreement with
the reported values for several lipid classes as all quantified
lipids were in the nmol mL−1 range. It has to be noted
however, that accurate absolute quantification strategies in
lipidomics involve internal standardization. External cali-
bration without internal standardization as carried out in the
proof of principle experiments here is not recommended for
lipids retained on reversed phase separations. Despite this
fact, the preliminary data on the reference material exempli-
fied the potential of the HILIC-RP-HRMS method for future
quantification studies (involving internal standards). As can be
seen in ESI Fig. S4,† the accuracy assessment revealed that 13
out of 15 lipid standards (FA 16:0 DG 34:1, TG 52:2, LPC 16:0,
LPC 18:0, PC 34:1, PC 34:2, PC O-36:2, PE 36:2, Cer d36:1, SM
d42:2, CE 18:0, CE 18:2) fell within the 99% confidence inter-
val of the consensus mean value,69 despite the fact that only
external calibration was implemented not compensating for
matrix effects and losses during sample preparation. This pre-
liminary data show the potential of the HILIC-RP-HRMS
method. Future studies will focus on implementation of a
routine quantification method establishing internal standards
and automatic deisotoping algorithm. Overall, the results
show that fast in-depth profiling and quantification is possible
by HILIC-RP-HRMS with increased level of lipid identification
by retention time information. The class-specific separation on
the HILIC column allows class-specific lipid quantification in
15 min as performed in state of the art shotgun lipidomics
approaches.10,72,73 Moreover, the on-line coupled RP column
enables additional non-polar lipid trapping compared to con-
ventional HILIC methods.28 Finally, co-elution of isobars from
different lipid classes is avoided and the linear dynamic range
is increased compared to shotgun lipidomics approaches.
Hence, HILIC-RP-MS is able to combine several interesting fea-
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tures (1) the decreased run time of state of the art shotgun MS
methods, (2) the elevated linear dynamic range inherent to
chromatographic separation and (3) increased level of identifi-
cation by separation of polar and non-polar lipid classes.

4. Conclusion

With the advent of sub-2 µm particles and UHPLC new chro-
matographic possibilities became available.37–41 In this work,
we show the power of on-line combinations of sub-2 µm HILIC
and RP coupled to HRMS for lipid analysis. By addition of a
6-port valve and a T-piece, direct coupling of the HILIC
column to the RP column was possible for simultaneous ana-
lysis of polar and non-polar lipids. This setup enables on-line
combination of HILIC with RP without any dilution (or use of
a trapping column) in the second dimension, exploiting the
strong interaction of hydrophobic lipids and the enhanced
separation space offered by the orthogonal methods. The fast
chromatographic run time of 15 min is comparable to state of
the art direct-infusion shotgun lipidomics profiling
approaches.10–12 These results show that HILIC-RP-HRMS is a
valuable tool for high-throughput lipidomics analysis, brid-
ging the gap between state of the art shotgun and LC-MS
approaches. Moreover, we strongly believe that lipidomics
studies will benefit from the increased separation space,
enhanced sample throughput and broader lipid information
of on-line coupled HILIC-RP-MS methods.
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